Dirofilariosis is an emerging mosquito-borne veterinary and medical problem in the Northern hemisphere. The ecological investigation of 56 canine dirofilariosis cases in new endemic locations was performed in Szeged, Hungary. The aim was to analyse the influence of the spatial patterns of dog abundance and the potential mosquito breeding habitats on the spatial occurrence patterns of dirofilariosis in the city of Szeged. The limnoecological characterisation was based on the fluvial habitat classification of Amoros of natural water bodies; the built environment was evaluated using the UrbanisationScore urbanisation intensity measuring software. Dirofilaria immitis accounted for 51% and D. repens for 34.3% of the dirofilariosis cases, and in 20% of the cases only the Knott's test was positive. It was concluded that most of the cases were related to locations with a medium to high urbanisation index, although the proximity of mosquito-bearing waters also played an important role in the observed spatial infection patterns. We found that the distance from potential mosquito habitats and the urbanisation intensity determine the abundance of dirofilariosis in urban environments.
Dirofilariosis caused by Dirofilaria immitis and D. repens is one of the most important emerging parasitic, mosquito-borne diseases in the oceanic and temperate climate areas of Europe (Raccurt, 1999; Pampiglione et al., 2001 ) and North America with serious veterinary and human medical consequences (Macêdo et al., 1998; Pampiglione et al., 1999; Traversa et al., 2010b) . In the Americas, Iran, Turkey and Australia D. immitis is the sole causative agent of canine dirofilariosis, while in China, North Central Europe and South Africa D. repens is the parasite responsible for canine dirofilariosis. In several countries of South Europe and in Hungary both D. immitis and D. repens cause infection in dogs (Simón et al., 2012) . Heartworm disease is an emerging parasitosis among dogs in Europe. Within a single decade (from 2001 to 2011), canine dirofilariosis became endemic in seven European countries (Albania, Bulgaria, Croatia, the Czech Republic, Hungary, Romania and Serbia) and in a Russian federal state .
In primary hosts such as Canis lupus familiaris (Traversa et al., 2010a ) and even in Canis lupus (Pascucci et al., 2007) , D. immitis is one of the causative agents of parasitic cardiopulmonary disease which can culminate in heart failure and death (Macêdo et al., 1998) . In addition, Capillaria aerophila, Aelurostrongylus abstrusus (in cats) and Angiostrongylus vasorum are also important cardiopulmonary nematodes in certain areas of Europe (Di Cesare et al., 2011) .
The first imported dirofilariosis case caused by D. immitis was reported from Hungary in 1982 (Boros et al., 1982) and the first autochthonous case was observed only in 2007 (Jacsó et al., 2009) . Serological studies conducted in Hungary demonstrated that about 2.4% of dogs are infected by D. immitis (Farkas et al., 2014) .
Dirofilaria repens, which is a common and persistent parasitic agent in dogs of Hungary (Jacsó, 2014) , has greater human health importance. In the period of 2001-2013 alone, a total of 88 human cases were recorded in Hungary, and in 35 cases eye involvement was observed (Kucsera et al., 2014) . Cases involving human eye infection were reported from the city studied in this work (Szeged, Hungary) as well (Szénási et al., 2008) .
The most important vectors of Dirofilaria species are different mosquitoes from the genera Aedes, Anopheles, Culex, Culiseta, and Coquillettidia , and the species responsible for transmitting the infection vary from area to area: Ae. scapularis, Ae. taeniorhynchus and Cx. quinquefasciatus in Brazil , Ae. albopictus, Ae. caspius, An. maculipennis and Cq. richiardii in Italy (Cancrini et al., 1995 (Cancrini et al., , 2003 (Cancrini et al., , 2006 , Ae. albopictus and Cx. quinquefasciatus in China, Cx. tritaeniorhynchus and Ae. albopictus in Japan (Tesh, 1989) are the notable vectors of D. immitis. In Italy, Ae. albopictus and members of the Cx. pipiens complex are the most prominent natural vectors of D. repens (Cancrini et al., 2003 (Cancrini et al., , 2007 . The species of the Cx. pipiens complex are regarded as the dominant vectors of dirofilariosis in several countries of Europe, e.g. in Spain (Morchón et al., 2007) , Italy (Cancrini et al., 2006) , Turkey (Yildirim et al., 2011) and Hungary (Zittra et al., 2015) . Morchón et al. (2012) published a detailed review about the potential mosquito vectors of animal dirofilariosis in Europe.
Many studies have analysed dirofilariosis caused by D. immitis Leidy (1856) from the veterinary (Webber and Hawking, 1955; Newton and Wright, 1956) , human medical (Ciferri, 1982; Muro et al., 1999; Pampiglione et al., 2009), parasitological and vector-epidemiological (Kartman, 1953; Ludlam et al., 1970; Labarthe et al., 1998; Cancrini et al., 2003) , geographical (Bowman et al., 2009 ) and even climatic points of view. Despite the fact that in human D. immitis cases the parasites do not develop into adults in most cases, immature worms have been rarely found in humans (Muro et al., 1999) . As regards geographical distribution, D. immitis occasionally causes human infections in the Mediterranean region of the European Union (Jelinek et al., 1996; Muro et al., 1999) , and human dirofilariosis cases predominantly occur in the Americas, Japan, and Australia. Several human medical aspects of dirofilariosis caused by D. immitis have been described in the literature (Moorhouse, 1978; Merrill et al., 1980; Ciferri, 1982; Theis et al., 2001; Simón et al., 2005) . Human dirofilariosis cases are predominantly caused by D. repens in most countries of Eurasia (Simón et al., 2012) .
The treatment of infected dogs can lead to severe and potentially lethal complications such as thromboembolism after a massive chemical intervention (Rawlings et al., 1993) . The preventive treatment of dogs could be an important element of the control of dirofilariosis as it was proposed for the dog populations of the Balkan Peninsula (Tasić-Otašević et al., 2015) . Prevention relies on the characterisation of risk factors and the identification of vulnerable animal populations. It has been suggested that the spatial abundance patterns of domesticated hosts (dogs) and Dirofilaria vectors determine the abundance of dirofilariosis in an urbanised area. Our aim was to study the influence of urbanisation level and proximity to standing waters on the spatial distribution of dirofilariosis caused by the two Dirofilaria species in Szeged, Hungary.
Materials and methods
Szeged is the county seat of Csongrád County, located near the Hungarian-Serbian border in the southern part of the Hungarian Great Plain at the confluence of the Maros and Tisza rivers (Fig. 1) . The environment of Szeged is rich in lakes and other standing waters while the area of the city comprises at least 20 lakes and 6 oxbows. The second largest river of Hungary, the river Tisza, crosses the city. In contrast with the high density of waters, the area of Szeged is highly urbanised. The number of permanent inhabitants was 161,921 in 2011 161,921 in (KSH, 2013 and the city has an extensive agglomeration as it is the regional centre of the Southern Great Plain. Owing to the above-mentioned circumstances Szeged is an ideal location for analysing the influence of urbanisation level and proximity to standing waters on the spatial distribution of canine dirofilariosis. Casiraghi et al. (2006) . In 11 cases PCR analysis was not performed. Adult helminth specimens were photographed during the dissection (Fig. 2) . The basic concept of calculating the spatial abundance of canine dirofilariosis was that the spatial abundance of dirofilariosis cases in an urbanised area is determined primarily by the encounter of Dirofilaria vectors and the susceptible organisms, in this case the dogs. Equation 1 shows the general form of the compound probability of these components. The compound probability of an independent event is: Equation 1: P(AB) = P(A) × P(B), where P(AB) is the compound probability, P(A) is the probability of event A, and P(B) is the probability of event B.
The compound probability of two independent events is the product of the probabilities of the distance from potential mosquito habitats and the abundance of dogs according to the urbanisation intensity of an area (Equation 2):
where P e is the compound probability of the encounter with infected mosquitoes, D m is the distance from potential mosquito habitats, and A UI is the abundance of dogs according to the urbanisation intensity of an area. 
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The maximum P e value was expressed as 1. The other values were calculated as the ratio of the maximum encounter probability.
River stream types are often characterised by certain species of the fauna and the vegetation, and water catchment areas provide excellent habitats for mosquitoes, such as e.g. Aedes vexans (Kenyeres and Tóth, 2008) . The habitat characteristics of fluvial ecosystems can be analysed by the different level of the spatio-temporal hierarchy. The qualities of macro-, meso-and micro-bedforms form a functional unit which can be characterised by the qualities of bedform size, time-span of existence and superposition of bedforms in time (Jackson, 1975) . The use of river system hierarchies in applied river research has been supported by several authors (Frissell et al., 1986; Amoros et al., 1987; Kern, 1994; Newbury, 1996; Petts and Amoros, 1996) . The limnoecological characterisation of water bodies in this study was primarily based on the functional unit theory of Amoros et al. (1987) . The identification of ephemeral (existing only for a short period) technotelma waters (small water bodies in man-made objects such as water barrels, car tires or jars) was not possible. As a working hypothesis, it was assumed that the spatial distribution of major water bodies and wetlands may have the most notable influence on the size of mosquito populations and it has a relatively stable spatial pattern. The identified types of (major) aquatic habitats were extracted from the Google Earth TM satellite map of the studied area. To calculate the distance of the case sites from the potential mosquito habitats, first of all we defined and categorised the meaning of the 'potential mosquito habitat' according to the following categories: (1) floodplain, floodplain forest; (2) swamp, reeds, wetland; (3) oxbow, artificial lake.
If a lake has well-visible marsh, shallow fringing marsh, fringing marsh swamp or swamp forest margin vegetation, the proximal margin of the wetland vegetation was used as the proximate of the potential mosquito habitat. The 'functional sets' concept (Amoros et al., 1987) and the definitions are those used for the Austrian section of the Danube (Hohensinner et al., 2011) with minor modifications. The potential mosquito habitats are derived from the 'functional sets' concept of Amoros et al. (1987) , with the exception of one habitat, the 'artificial lake'; however, artificial waters provide the same conditions for mosquitoes as the appropriate natural waters.
The determined potamonic (derived from the ancient Greek potamos [ποταμός] meaning river or stream) habitats of the studied area were as follow: eupotamon A (main stream), eupotamon B (permanently connected side channels, with permanent flow), parapotamon A (highly dynamic side arms, intact downstream connection, blocked upstream by bare gravel/sand deposits), parapotamon B (less dynamic side arms, intact downstream connections, blocked upstream by vegetated deposits), plesiopotamon (isolated water bodies, close to the main channel, often connected) and paleopotamon (not or seldom connected, iso-lated water bodies). Table 1 contains the descriptions of the characteristic features of different potama. The data of Tóth (2004) and Tóth and Kenyeres (2012) covering three decades countrywide revealed that swamp-type natural standing waters are the most frequent (34% of the total collecting sites) habitats of mosquitoes, although shallow lakes are also important (19%). In case of the candidate vector of Dirofilaria species, the members of the Cx. pipiens complex, 48% of the collected larvae were found in shallow lakes and natural swamp waters. In the analysis the distance between the case site and the nearest point of the potential mosquito habitat was used.
The simple two-sample t-test was performed using VassarStats: Website for Statistical Computation (Lowry, 2004) . The graphs were constructed in Microsoft Office Excel 2010. The georeferencing of the Google Earth map source was performed by using the topographic maps of Hungary in the period of World War II (Tímár et al., 2008) , which is a digital and georeferred map publication in ArcGIS 10.0, using WGS-84 surface, UTM-34N co-ordinate system.
To quantify the degree of habitat urbanisation the Urbanisation Score software (Seress et al., 2011; Czúni et al., 2012; Gábor et al., 2014) was applied, which uses only publicly available satellite imagery from GoogleMaps, and the scoring approach introduced by Liker et al. (2008) was used. The Urbanisation Score software was developed in the Image Processing Laboratory at the University of Pannonia. The software generates semi-automated scores of habitat urbanisation. This application downloads an image of 1 km 2 area around a selected location, then divides it into 100 × 100 m cells, and scores the abundance of vegetation, buildings and paved surfaces in each cell. These scores are then used for calculating landscape-cover variables which are then combined by Principal Component Analysis (PCA) into a score of urbanisation for each area. 'Urbanisation scores' are suitable for objectively expressing an area's level of habitat urbanisation, thereby ranking study sites along an urbanisation gradient. The steps of the analysis are as follow: (1) the software downloads the maps from GoogleMaps according to the given geographical co-ordinates; (2) the user select 'training points' in each map which represent the different surface types (buildings, vegetations, roads, waters; Fig. 3) ; (3) the software calculates the landscape variables for each area, which is followed by PCA. The software uses the following landscape variables: number of cells with high building density and number of cells with high vegetation density (> 50% cover; range: 0-100), number of cells with paved surface (range: 0-100), mean building density score and mean vegetation density score (range: 0-2). For each study area, the calculated scores for the abundance of the above-listed landscape variables are displayed for each 100 × 100 m cell. It is important to note that after the overview of the primary results the user can manually overwrite the software-generated cell scores in any image cell, changing the landscape category if it is necessary. After the manual correction of some image cell scores, urbanisation scores can be recalculated by re-running the PCA.
The method was successfully used by some authors (Bókony et al., 2010 (Bókony et al., , 2012a (Bókony et al., , 2012b Zhang et al., 2011) . In the present work, the centres of the streets of the case sites (hereinafter: 'case sites') were used as the location of the cases to protect the privacy rights of the dog owners. This compromise can cause some inaccuracy in the calculation, but for example the length of the streets of Szeged is negligible compared to the generally used 1-km 2 grid of the software. Urbanisation level was calculated at grids which overlap the investigated dirofilariosis case sites in Szeged and some close peri-urban sites (the towns Kiskundorozsma, Szatymaz and Algyő). Urbanisation level values were also calculated at two central downtown locations in Szeged -as the samples of the most urbanised areasand two floodplain forests of the river Maros -as the samples of highly natural areas -close to the city. These four control sites were selected to gain comparable results in the PCA of our study (defining the most extreme points of the coordinate system).
Results
PCR was performed in 35 out of the 56 cases. Dirofilaria immitis alone was detected in 18, while D. repens in 12 cases from the blood samples. In five cases the presence of co-infection with the two Dirofilaria species was detected. In 11 cases PCR analysis was not performed, but the presence of a Dirofilaria pathogen was confirmed in the blood samples. Dirofilariosis cases accumulate in the pericentre districts of Szeged. Surprisingly, some of the cases were reported from the downtown or panel block districts. Four main aquatic habitats can be found in the environment of Szeged, the plesiopotamon, paleopotamon, parapotamon B and eupotamon A/B types according to the Amoros classification system (Fig. 4, right) . Riverbank characterisation showed that paleopotamon and plesiopotamon riverbed types dominate the aquatic habitats of the area, although a substantial number of channels are also notable. Minor lakes can be found almost only in the east district of the city and major sodic lakes can be found close to the north-western districts. In total value, paleopotamonic waters are the most notable aquatic habitats within the studied grid (Fig. 4, left) . Overall, 56.5% of the infections occurred between 263 and 524 m from the case sites and 87.5% of the cases occurred within 524 m from the potential mosquito habitats. All of the dirofilariosis cases occurred within 1.31 km from the nearest standing water, river or swamp of the inundation area (Fig. 5) . The results of the PCA analysis of Szeged show a typical one-centred city with a river passing through the centre and several minor suburban parts. The urbanisation level picture of the city is not symmetrical, since the old town was originally built in the right side of the city according to the direction of the river flow. The level of vegetation is between 1-50% in the downtown area, which corresponds to the parked landscape of the city. The left column of Fig. 6 shows the spatial patterns of the factors (roads, vegetation and buildings) in Szeged which are considered by the software in the estimation of urbanisation intensity level. The most urbanised areas are mainly restricted to this historical part of Szeged (e.g. square 21 in the right-side picture of Fig. 6 ). The extended block house zone surrounds the old town from the north and has a high to medium UI value. The different suburbs have a medium UI value in general. The river Tisza has a narrow floodplain within the city centre with the remnants of the former gallery forest (e.g. squares 24 and 33), which widens toward the edges of the city. According to the results of the two-sample t-test there is no significant difference (P = 0.9210) between the variances of the UI of the D. immitis and D. repens sites. The histographic patterns of the UI values related to the 1 km 2 area of the percentage of D. immitis and D. repens case sites are somewhat similar to an unimodal frequency peak in case of the UI index interval of 1.45 ± 0.01, which corresponds to the urbanised areas of the city. The UI values of the endemic sites except one case showed a transition (2.9 to -4.32) between the control vegetation (< -4.32). Some cases were observed also in the downtown areas (> 2.8) of Szeged (Fig. 7) . The compound probability of the UI and the proximity of the potential mosquito habitats showed the highest potential abundance of canine dirofilariosis cases in the peri-downtown areas where the distance from the closest natural mosquito breeding habitat is less than 800 m (Fig. 8) . 
Discussion
This is the first study in Hungary which investigates the affinity of canine dirofilariosis to an urbanised region of temperate Europe. Since D. immitis and D. repens are present in the neighbouring Vojvodina, Serbia (Tasić et al., 2008) and the infected dogs were local pets, it is highly plausible that the infections It is plausible that in the first D. immitis infection cases dogs acquired the parasites in the garden due to the very close proximity of an oxbow, but this assumption cannot be generalised. On the other hand, the fact that almost 90% of the cases occurred within 524 m from the potential mosquito breeding sites may indicate that dogs were infected in the garden and mainly through bites by local mosquito specimens. The annual case number and the distribution of canine dirofilariosis can be the consequence of several other factors such as the type of the nearest potential mosquito breeding habitats and the presence/absence of wild carnivores (ferrets, foxes or even golden jackals). Different Culicidae species prefer various aquatic habitats and the composition and the total area of waters can change over time in a given area. Human-induced changes have a prolonged impact on habitats suitable for mosquitoes, while the effect of artificial influences can be dissimilar for different mosquito species that have a different vector value in the transmission of Dirofilaria species (Trájer et al., 2015a) . The flight distance of potential mosquito vector(s) is likely to have an effect on the spatial patterns found. In 2013 a mosquito trapping was performed at the case site of the first dirofilariosis cases in Szeged to detect the potential vectors of D. immitis (Zittra et al., 2015) . The authors observed the presence of D. immitis in Cx. pipiens s. l. and Ae. caspius. In the same year an independent trapping activity, which was performed at the first case site, confirmed the dominance order and composition of the mosquito fauna (Trájer et al., 2015b ). An experimental parasitological study also showed that infection of the Cx. pipiens complex has a notable host efficiency and infective potential for D. immitis (Kartman, 1953) . In addition, several other studies confirmed the D. immitis vector status of Cx. pipiens f. pipiens by identification of the non-infective stage of D. immitis in the Cx. pipiens complex (Vezzani et al., 2011) and by detecting the filarioid DNA in the mosquito (Morchón et al., 2007; Yildirim et al., 2011) . Members of the Cx. pipiens complex are very frequent in Hungary and they also prefer several types of aquatic habitats (Kenyeres and Tóth, 2008) . Aranda et al. (1998) emphasised the importance of Cx. pipiens f. pipiens in the transmission of filarioid specimens in canine cases. A mark-release-recapture study of Cx. pipiens f. pallens, the Far Eastern relative of the Cx. pipiens complex, conducted in an urban area of Japan estimated that the mean distance covered by the recaptured females was 287 to 517 m during 1-4 days (Tsuda et al., 2008) . The maximum flight distance of Cx. pipiens f. pallens was estimated as 1,217 m. Since the lifespan of adult mosquitoes is usually measured in days, the about 300-500 m flight distance of host-seeking mosquitoes approximates their average maximum dispersal distance per generation. Naturally, other factors such as wind and human transport can strongly influence the real dispersal rate (Bailey et al., 1965) . Since most of the studied dirofilariosis cases occurred within a 524 m circle of mosquito breeding habitats, it can be concluded that this abundance pattern reflects the influence of the maximum flying distance of mosquitoes.
It is worth noting that the applicability of the method is somewhat limited by the fact that dogs and owners can move around their home, e.g. by dog walking in parks, which may have a non-negligible impact on the observed abundance. Although it cannot be assumed that dogs were stationary with no movement within the city, the model itself does not require or suggest that the observed spatial pattern of the cases depends solely on the flying capability of mosquitoes. On the contrary, the encounter probability of dogs and mosquitoes depends on the movement behaviour of both the vectors and the dogs, and eventually on the behaviour of dog owners. This somewhat contradicts the fact that several members of the above-mentioned Cx. pipiens complex use artificial waters as breeding sites. One reason may be that a large proportion of mosquitoes occurring in the human environment originally developed in natural waters and not in domestic environment.
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We should mention that advanced Geographical Information Systems (GIS-) based geospatial tools exist for the visualisation, tracking and modelling of the complex, multi-factor-influenced epidemiological processes. Variables such as elevation, land-cover and land-use data, as well as meteorological variables emanating from earth-observing satellites allow the analysis of disease distribution and the changing incidence and prevalence in time and space. Climatebased forecast systems, based on the concept of growing degree days, exist for several parasitic diseases including dirofilariosis (Bergquist and Rinaldi, 2010) . The results of a GIS analysis-based model performed for the prediction of the territorial distribution of dirofilariosis caused by D. immits in Italy was highly concordant with the real territorial distribution of positive dogs (Mortarino et al., 2008) . Rinaldi et al. (2011) proved that information derived from GIS-based descriptive maps provides a well-usable operational tool for planning, monitoring and managing control programmes for Dirofilaria infections. In this view our study confirms the importance of two factors that can be used as basic inputs in GIS-based models.
For the future, our aim is to develop a method which enables us to take account the spatial distribution of causal small waters such as artificial water bodies or puddles. The urbanisation level in the endemic foci is between the PCA value of the most urbanised downtown and the most natural areas. However, it is plausible that the source of the mosquitoes was the very close marsh around the open water body of the paleopotamon. The urban intensity of the case foci indicates that the widespread custom of building holiday houses close to riverbank flood basins in Hungary increases the risk of dirofilariosis.
